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Limited data on the pharmacokinetics and pharmacodynamics (PK/PD) of unboosted atazanavir (uATV) in treatment-experi-
enced patients are available. The aim of this work was to study the PK/PD of unboosted atazanavir in a cohort of HIV-infected
patients. Data were available for 58 HIV-infected patients (69 uATV-based regimens). Atazanavir concentrations were analyzed
by using a population approach, and the relationship between atazanavir PK and clinical outcome was examined using logistic
regression. The final PK model was a linear one-compartment model with a mixture absorption model to account for two sub-
groups of absorbers. The mean (interindividual variability) of population PK parameters were as follows: clearance, 13.4 liters/h
(40.7%), volume of distribution, 71.1 liters (29.7%), and fraction of regular absorbers, 0.49. Seven subjects experienced virologi-
cal failure after switch to uATV. All of them were identified as low absorbers in the PK modeling. The absorption rate constant
(0.38 � 0.20 versus 0.75 � 0.28 h�1; P � 0.002) and ATV exposure (area under the concentration-time curve from 0 to 24 h
[AUC0 –24], 10.3 � 2.1 versus 22.4 � 11.2 mg · h · liter�1; P � 0.001) were significantly lower in patients with virological failure
than in patients without failure. In the logistic regression analysis, both the absorption rate constant and ATV trough concentra-
tion significantly influenced the probability of virological failure. A significant relationship between ATV pharmacokinetics and
virological response was observed in a cohort of HIV patients who were administered unboosted atazanavir. This study also sug-
gests that twice-daily administration of uATV may optimize drug therapy.

Current international guidelines for the antiretroviral treat-
ment of adult human immunodeficiency virus (HIV) in-

fection recommend a combined initial regimen usually based
on three antiretroviral drugs (1). The combination of two nu-
cleoside reverse transcriptase inhibitors (NRTIs) plus a ritona-
vir-boosted protease inhibitor (PI) is one of the first-line op-
tions, and atazanavir (ATV) is one of the two recommended PIs
in such a regimen. Atazanavir with ritonavir boosting is the
only PI for which noninferiority to efavirenz-based regimens
has been demonstrated in a randomized trial (1, 2). The rec-
ommended dose of ATV in adults is 300 mg, with 100 mg of
ritonavir, once daily.

However, poor tolerance and drug-drug interactions, due to
ritonavir in part, may complicate ritonavir-boosted atazanavir
therapy in some patients. Unboosted atazanavir (uATV) may be
an attractive option for addressing those issues (3). It has been
shown that uATV-based therapy is noninferior to ritonavir-
boosted therapy in adult treatment-naïve patients in controlling
HIV infection after an initial induction treatment with ritonavir-
boosted ATV (4, 5). Compared with ritonavir-boosted therapy,
unboosted ATV therapy is associated with significantly lower ATV
trough concentrations as well as overall exposure (6, 7). Un-
boosted ATV has been approved by the FDA as a 400-mg once-
daily regimen, and atazanavir is currently the only PI that may be
administered unboosted.

Although unboosted atazanavir is not approved by the Euro-
pean Medicines Agency, large-cohort studies have indicated that a
significant proportion of patients do receive unboosted ATV in
Europe (8–10), notably as a simplification strategy in treatment-
experienced HIV-infected patients. Those cohort studies have

confirmed that, in patients with stable virological suppression and
no history of virological failure, the switch to unboosted atazana-
vir has a good efficacy and safety profile.

Early phase II data from the ATV manufacturer have demon-
strated a relationship between ATV exposure and both efficacy
(log drop in viral load) and safety (hyperbilirubinemia) (11).
However, the “real-life” cohort studies cited above did not explore
relationships between ATV exposure and outcome. Actually, lim-
ited data on the pharmacokinetics and pharmacodynamics (PK/
PD) of unboosted atazanavir in treatment-experienced HIV-in-
fected patients are available. The objective of this study was to
perform PK/PD modeling of atazanavir in a cohort of stable HIV-
infected patients who were administered uATV.

(This work was presented in part at the 10th International
Congress on Drug Therapy in HIV infection, Glasgow, United
Kingdom, 9 to 11 November 2010, and at the 7th Annual Meeting
of the French Societies of Physiology, Pharmacology, and Thera-
peutics, P2T, Dijon, France, 4 to 6 April 2012.)
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MATERIALS AND METHODS
Study design, patient population, and data collection. This study was a
retrospective analysis of data from a prospective observational cohort of
HIV-infected patients followed in the Lyon area (France) called the Lyon
HIV Cohort Study (3,200 patients are currently being followed). All data
used in this study were collected during routine patient care between 2004
and 2009. Inclusion criteria for the analysis were as follows: undetectable
viral load before introduction of uATV; administration of uATV for at
least 1 month, whatever the backbone; and at least one ATV plasma con-
centration measured at the steady state. Patients who were administered
uATV under the same dosage regimen for at least 2 weeks, either once
daily or twice daily, were considered to be at steady state. All individuals
from the cohort who met the inclusion criteria were included in the anal-
ysis. Subjects who were administered more than one uATV-based regi-
men (for example, because of a change in companion anti-HIV drugs or
ATV dose) were included as independent individuals.

Information on atazanavir dosage regimens, blood sampling times,
and ATV plasma concentrations was retrieved from the patients’ elec-
tronic and manuscript medical files. Demographic data collected and
tested in the model building included age, sex, and total body weight.
Glomerular filtration rate (GFR) was estimated by the abbreviated Mod-
ification of Diet in Renal Disease (MDRD) equation (12). Renal function
was also tested as a categorical variable in the covariate model building.
Patients with an estimated GFR of �60 ml/min were considered as having
impaired renal function. All medications that were coadministered to
patients receiving uATV, including the other antiretroviral drugs, were
recorded. Documented drug-drug interactions (DDI) were identified and
classified in two groups in the covariate analysis: DDI that may decrease
ATV exposure (e.g., tenofovir, proton-pump inhibitors, and H2 receptor
antagonists) and DDI that may increase ATV exposure (e.g., triazole an-
tifungal agents). The dosage frequency was also examined as a covariate in
both pharmacokinetic and pharmacodynamic model building.

Virological outcome was monitored after the switch to uATV. Viro-
logical failure was defined as two consecutive HIV loads of �40 copies/ml
in patients with undetectable viral loads before the switch to uATV.

Atazanavir assay. Atazanavir plasma concentrations were measured
by a validated reverse-phase high-performance liquid chromatography
(HPLC) method using an UV-diode array detector. Concentrations were
determined at three wavelengths (216, 248, and 300 nm) to assess the
purity of chromatographic peaks of ATV. The method was linear between
0.05 and 10 mg/liter. Interday coefficients of variation (CV) ranged from
5% for atazanavir concentrations of �0.80 mg/liter to 9% for a concen-
tration of 0.15 mg/liter. The lower limit of quantification (LOQ) of the
assay was 0.02 mg/liter. Atazanavir trough concentrations below the limit
of quantification were fixed at LOQ/2 in the modeling process, which is
one of the methods suggested by Beal (13).

Population pharmacokinetic modeling. A population approach was
used to analyze atazanavir plasma concentrations. Nonlinear mixed ef-
fects modeling implemented in NONMEM VII software (14) (Icon De-
velopment Solutions, Ellicott City, MD) was used to identify the struc-
tural pharmacokinetic model and significant covariates that best
described the data and to estimate population PK parameters, as well as
interindividual and residual variability. Composite methods based on
modern algorithms was performed within the NONMEM estimation pro-
cedure: for each run, the stochastic approximation expectation maximi-
zation algorithm (SAEM) was first used, and results of the SAEM estima-
tion were then used as initial parameters in the Monte Carlo Importance
sampling method (14). Analysis and postprocessing of NONMEM results
were performed using the R package for NONMEM (RFN, version 2008a;
Saik Urien, Paris, France) and the Matlab software (version 2011b; The
MathWorks, Natick, MA).

We assumed log-normal distribution of the random parameters. An
exponential error model was used to describe residual variability. Various
structural and absorption models were investigated. Once the best base
model had been identified, the influence of each available covariate on PK

parameters was investigated. The likelihood-derived objective function
calculated by NONMEM was used to assess goodness-of-fit of candidate
models. In addition, mean error of prediction and mean absolute error of
prediction were used to assess predictive performance. Plots of popula-
tion predictions versus observed concentrations, individual predictions
versus observed concentrations and residuals were also examined as
graphical model diagnostics. In addition, a visual predictive check (16)
was performed, by simulating 1,000 replicates based on the final model
and corresponding parameters (including interindividual and residual
variability) and examining the agreement between model-based simu-
lated data and observed ATV concentrations.

Individual PK parameters of the final model, obtained by Bayesian
estimation in NONMEM, were then imported into the Matlab software to
simulate the time course of ATV plasma concentrations of each patient at
the steady state and calculate various indexes of drug exposure, including
the area under the concentration-time curve from 0 to 24 h (AUC0 –24),
AUC above the target concentration of 0.15 mg/liter (AUCtarget), daily
time during which ATV concentration remains above the target concen-
tration of 0.15 mg/liter (Ttarget), and the predicted steady-state trough
concentration (Ctrough). For patients who received twice-daily uATV, a 24
h-profile with two doses administered at 0 and 12 h was simulated to
calculate AUC0 –24, AUCtarget, and Ttarget. The selection of the target
Ctrough of 0.15 mg/liter was based on a previous PK/PD study (17). Pre-
dicted rather than observed ATV Ctrough values were used in the subse-
quent pharmacodynamic analysis, because predicted values were available
for all subjects, while a few observed values were missing (n � 3) or
reported as below the quantification limit (n � 4). In addition, individual
predicted concentrations correlated well with observed concentrations
(see Results).

Pharmacodynamic analysis. First, individual pharmacokinetic pa-
rameters of the final model, indexes of drug exposure, and uATV dosage
frequencies were statistically compared between patients who experi-
enced virological failure and those without failure. The Mann-Whitney-
Wilcoxon nonparametric test was used for continuous variables, while the
Fisher’s exact was used for ordinal variables. Because multiple compari-
sons were performed, the statistical significance was fixed at 0.005 at this
step.

Next, we explored the relationship between patients’ exposure to
uATV and virological outcome after the switch. Univariate and multivar-
iate logistic regression were performed using the Statview software (ver-
sion 5.0; SAS Institute Inc., Cary, NC) to identify pharmacokinetic vari-
ables influencing the probability of virological failure. The influence of
each variable on the probability of virological failure was assessed by the
likelihood ratio test (18). In this test, the difference (D) is assumed to
follow a chi-squared distribution: D � 2(log Lalt � log Lbase), where L is
the likelihood, log Lalt is the log likelihood of the alternative (augmented)
model, and log Lbase is the log likelihood of the base model. Statistical
significance was set at 0.05 with the appropriate degrees of freedom. Vari-
ables that were significant in the univariate analysis were then tested in a
multivariate model. The final model was identified, by forward addition,
again using the likelihood ratio test as the goodness-of-fit criterion. Sta-
tistical significance was set at 0.01 in the final model selection. As a limited
number of failure events were observed in this study, lower-than-usual
statistical significance levels were selected in order to control the number
of events per variable. It has been shown that a low number of events per
variable may negatively affect the estimation of the regression coefficients
in logistic regression analysis (19).

RESULTS
Characteristics of the study population. Fifty-eight patients were
included in the study. Among those, eight patients received two
different uATV-based regimens and one received four different
uATV-based regimens. As those patients met the inclusion criteria
for each drug regimen that they received, a total of 69 uATV-based
regimens were available for the PK/PD analysis.
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Demographic and treatment characteristics of the study pop-
ulation are presented in Table 1. In 25 cases, uATV was introduced
as a switch from ritonavir-boosted ATV. The mean duration of the
69 uATV-based treatments was 16 � 14 months (minimum, 1;
maximum, 74). The various uATV dosage regimens were as fol-
lows: 300 mg once daily (n � 4), 400 mg once daily (n � 22), 600
mg once daily (n � 1), 200 mg twice daily (n � 39), and 300 mg
twice daily (n � 3).

Seven patients experienced virological failure during their
uATV-based regimen. Overall, their demographic and treatment
characteristics were similar to those of patient without failure,
except the dosing schedule. A 10-fold failure rate was observed in
patients receiving once-daily uATV (6/27, 22%) compared with
patients who received twice-daily uATV (1/42, 2.4%). This point
is further discussed in the pharmacodynamic analysis.

Population pharmacokinetic modeling. One hundred twenty-
eight ATV concentrations were available for the pharmacokinetic
analysis (mean, 1.86 measured concentrations per patient). Data
included 66 trough (predose) concentrations, 43 concentrations
measured 3 h after the dose, and 19 concentrations measured at
another time point.

A one-compartment model with linear elimination, fixed ab-
sorption lag-time, and mixture absorption best described ATV
concentrations. Population parameter values of the final PK
model are shown in Table 2. The absorption lag-time was fixed at
0.9 h, in accordance with the result from a population PK study
with rich data (20). As a consequence of the mixture model of
absorption, two sets of population values are provided for F and
ka. The other pharmacokinetic parameters of the model were ATV
plasma clearance (CL), volume of distribution (V), proportion of
regular absorbers, and the regression coefficient for the influence
of body weight on ATV clearance (�BW).

For the mixture model of drug absorption, we assumed that
there were two subpopulations of absorbers in the study popula-
tion, namely, regular and low absorbers. Regular absorbers had a
mean oral bioavailability (F) and an absorption rate constant (ka)

both fixed at 1. Low absorbers had mean values of parameters F
and ka both fixed at 0.4. Population means of F and ka were fixed
because concentration data were insufficient to estimate them
properly. The initial absorption parameter values for regular and
low absorbers were selected from previous works (11, 21). Various
combinations of fixed parameter values were tested for the low-
absorber group, and those indicated above provided the best fit.
The addition of the mixture model of ATV absorption was asso-
ciated with a 27-point decrease in NONMEM objective function
value. Body weight was the only covariate that significantly influ-
enced ATV plasma clearance.

Figure 1 shows observed ATV concentrations versus model
predictions based on population parameter values and individual
Bayesian posterior parameter values. Model-based predictions
correlated well with observed ATV concentrations, with regres-

TABLE 1 Demographic and treatment characteristics of patients included in the studya

Characteristic No failure (n � 62)
Virological failure
(n � 7) Total (n � 69)

Age (yr) 50 � 9.7 47 � 9.4 49 � 9.6
Sex ratio male/female (% male) 46/16 (74) 4/3 (57) 50/19 (72)
Body wt (kg)b 69 � 12 70 � 13 69 � 12
Glomerular filtration rate (ml/min/1.73 m2)c 93 � 25 84 � 23 92 � 24
Renal impairmentd 1 3 4
Dosing frequency, once daily/twice daily

(% once daily administration)
21/41 (34) 6/1 (86) 27/42 (39)

Drug-drug interactions
Increasing ATV exposure 1 (1.6) 1 (14) 2 (3)
Decreasing ATV exposure 28 (45) 3 (43) 31 (45)

Time since HIV diagnosis (yr) 11 � 6 11 � 5 11 � 6
Time since first antiretroviral treatment (yr) 8 � 5 6 � 4 8 � 5
Antiretroviral companion drugs

�2 NRTIs 57 (92) 7 (100) 64 (93)
InSTI � NRTIs 5 (8) 0 (0) 5 (7)

a Abbreviations: NRTI, nucleoside (or nucleotide) reverse transcriptase inhibitor; InSTI, integrase strand transfer inhibitor. Data are given as means � standard deviations unless
otherwise indicated.
b Initial body weight at the start of treatment.
c Initial GFR estimated by the abbreviated MDRD equation (data available for 61 subjects, 5 with failure and 56 without failure).
d Defined as estimated GFR � 60 ml/min.

TABLE 2 Pharmacokinetic parameters of the final model estimated by
NONMEM

Parameter
Population typical
value (RSE, %)

Interindividual
variabilitya

(RSE, %)

CL (liters/h) 13.4 (8.4) 24.9 (40.7)
�BW (liters · h�1 · kg�1)b 0.00936 (41.3)
V (liters) 71.1 (12.0) 47.0 (29.7)
Absorption lag time (h) 0.9 (fixed)
ka reg (h�1) 1.0 (fixed) 50 (fixed)
ka low (h�1) 0.4 (fixed) 68.7 (89.6)
Freg 1.0 (fixed)
Flow 0.4 (fixed)
Proportion of regular absorbers 0.49 (21.6)
a Interindividual variability is expressed as percent coefficient of variation (CV). No
interindividual variability was set for the absorption lag time or the bioavailability
parameters Freg and Flow.
b The influence of body weight (BW) on the typical value of ATV mean clearance (�CL)
was calculated as follows: �CL � �1 · (1� �BW · (BW-67)), where 67 kg was the median
body weight in the study population.
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sion equations as follows: population predictions, y � 0.95x �
0.14, r2 � 0.73; individual predictions, y � 1.08x � 0.03, r2 � 0.97.
Mean errors of prediction were 0.10 � 0.49 mg/liter and �0.04 �
0.18 mg/liter, while the mean absolute errors of prediction were
0.31 � 0.39 and 0.09 � 0.15 mg/liter for population and individ-
ual predictions, respectively. The plot of weighted residuals versus
time and the visual predictive check depicted in Fig. 2 and Fig. 3,
respectively, also show acceptable model performance. Limited
shrinkage was observed for model parameters, which indicated
that data were sufficiently informative at the individual level (22).
The percent shrinkage values estimated by the SAEM algorithm
for random effects (�-shrinkage) were as follows: CL, 28% (regu-
lar absorbers) and 3% (low absorbers); V, 16% (regular absorbers)
and 9% (low absorbers); ka reg, 31%; ka low, 23%.

Pharmacodynamic analysis. Individual pharmacokinetic pa-
rameters and various atazanavir exposure data are presented in
Table 3. Patients who experienced virological failure had signifi-
cantly lower absorption rate constant ka (P � 0.002), AUC (P �

0.001), and AUC above the target concentration of 0.15 mg/liter
(P � 0.002) than patients without failure. In addition, the propor-
tion of low absorbers (100% versus 50%, P � 0.014) and the
proportion of once daily atazanavir administration (86% versus
34%, P � 0.012) were significantly higher in patients who experi-
enced virological failure than in patients without failure.

Results of the logistic regression analysis are summarized in
Table 4. In the univariate analysis, four continuous variables, ka,
AUC0 –24, Ttarget, and Ctrough, and one ordinal variable, the once-

FIG 1 Observed atazanavir concentrations versus model predictions. (Left) Population predictions; (right) individual predictions based on Bayesian posterior
parameters. The solid line is the line of identity (y � x).

FIG 2 Weighted residuals versus time postdose. The dashed line is the regres-
sion line.

FIG 3 Visual predictive check from the final pharmacokinetic population
model. Data points are the observed atazanavir concentrations; the solid line
shows the median of simulated concentrations; dashed lines show 5th and 95th
percentiles of simulated concentrations. The observed trough levels at 12 h
(twice-daily regimen) and 24 h (once-daily regimen) postdose were duplicated
for ease of graphical display.
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daily administration, were identified as significant predictors of
virological failure. In the subsequent multivariate analysis, only
the absorption rate constant (ka) and estimated Ctrough signifi-
cantly and independently influenced the probability of virological
failure. For both variables, the probability of virological failure
significantly increased when the value decreased. Of note, an al-
ternative two-variable regression model, including ka (P �
0.0004) and Ttarget (P � 0.013), was also identified, although the P
value for the Ttarget variable fell short of statistical significance. The
very low odds ratio values shown in Table 4 for the two variables of
the final model might be considered surprising. However, it must
be remembered that the odds ratio is the slope parameter in the
logit model, thus representing the change in the probability of the
outcome associated with a one-unit increase of the independent
variable. Because a one-unit variation in the absorption rate con-
stant or in ATV trough concentrations is a very large, unlikely
interindividual variation (Table 3), one might consider instead
the effect of a 0.1-unit variation in ka and Ctrough (see the footnotes
to Table 4).

While the results of the logistic regression showed that ATV
exposure was significantly associated with virological outcome,
the final model had limited predictive ability, with an r2 of 0.42, a
positive predictive value of 60%, and a negative predictive value
of 94%.

DISCUSSION

In this work, we used pharmacometric tools to analyze PK/PD
data for unboosted atazanavir from a cohort of HIV-infected pa-
tients. A special feature of the final PK model is the mixture model
used to describe ATV absorption. The pharmacokinetics of ATV is
characterized by large interindividual variability, especially in the
absorption process. Colombo et al. reported a mean absorption
rate constant (ka) of 0.41 h�1, with an interindividual variability of
122% (expressed as coefficient of variation [CV]) (20). In another
population PK study, Solas et al. found a mean ka of 1.05 h�1, with
a CV of 156% (23). Other works have suggested that the pharma-
cokinetics of ATV should not be considered homogeneous and
that mixture models may be a relevant approach to describe ATV
pharmacokinetics. In an early study from ATV manufacturer,
O’Mara et al. used a mixture model with two subpopulations for
the absorption rate constant (ka) and volume of distribution of the

central compartment (11). In a recent study, a mixture model was
also used to accommodate differences observed in ATV exposure
between subjects, with two subpopulations for the absorption pa-
rameters ka, lag time, and bioavailability (F) (21).

In our study, because data available in the absorptive phase
were very sparse, the absorption parameter could not be accu-
rately estimated. As a consequence, we put strong constraints on
the absorption parameters, fixing the fixed effects for ka, F, and lag
time and setting no random effects for F and lag time. In spite of
this limitation, the mixture model with two subpopulations for ka

and F greatly improved the fit. Interestingly, despite differences in
study design, data, and final PK models, the proportions of high-
and low-exposure subjects showed remarkable agreement across
studies. We found an estimated 49% proportion of regular ab-
sorbers, while O’Mara et al. and Andrade et al. reported propor-
tions of high exposure subjects of 48% and 51%, respectively (11,
21). This mixture model may be viewed as a surrogate to accom-
modate the influence of unobserved variables, such as compliance
with drug treatment or food intake, on ATV exposure.

In the pharmacodynamic analysis, a significant relationship
was found between ATV exposure and virological failure. Two
pharmacokinetic indexes estimated from the PK model were as-
sociated with the outcome, the absorption rate constant ka and
ATV trough concentration. While this variable was not selected in
the final logistic regression model, it is interesting that all patients
who experienced virological failure were identified as low absorb-
ers by the mixture PK model.

Several studies have reported a significant relationship be-
tween ATV exposure and virological response. In an early in vitro
study, Drusano and colleagues found that time above threshold
(time �4	 EC50 [the viral 50% effective concentration]) was the
pharmacodynamic variable linked with atazanavir antiviral effect
(24). O’Mara and colleagues first reported a relationship between
atazanavir AUC and the log drop in HIV load in a phase II study
(11) Later, another unpublished study from the manufacturer re-
ported a significant association between ATV Ctrough and the
probability of the HIV load being 
400 as well as 
50 copies/ml
after 48 weeks of treatment in treatment-naive patients (25). Gon-
zalez de Requena and colleagues found a similar relationship be-

TABLE 4 Logistic regression analysis

Variable ORa 95% CI P valueb

Univariate analysis
CL 1.34 0.99–1.82 0.053
ka 0.0034 4.9E-5-0.24 0.0008
AUC0–24 0.66 0.43–1.016 0.0003
Ttarget 0.79 0.64–0.97 0.03
Ctrough 3.0E-4 1.4E-7-0.63 0.005
Ctrough 
 0.15 mg/liter 3.53 0.71–17.44 0.12
Once-daily administration 11.7 1.3–103.8 0.007

Final multivariate model
ka 4.2E-4 10E-7-0.18 0.008
Ctrough 5.6E-6 8.1E-11-0.39 0.005

a The odds ratio (OR) represents the variation of the probability of virological failure
associated with a 1-unit increase of the independent variable. The ORs associated with a
0.1-unit change of the variable are 0.57 and 0.44 in the univariate models and 0.46 and
0.30 in the multivariate model, for ka and Ctrough, respectively.
b Likelihood ratio test, P value associated with the exclusion of each independent
variable in the model.

TABLE 3 Comparison of pharmacokinetic parameter values and
various exposure data in patients with and without virological failure

Parameter
No failure
(n � 62)

Virological failure
(n � 7) P valuea

CL (liters/h) 13.3 � 2.6 15.3 � 2.1 0.03
V (liters) 74.7 � 24.6 81.5 � 19.4 0.31
ka (h�1) 0.75 � 0.28 0.38 � 0.20 0.002
AUC0–24 (mg · h · liter�1) 22.4 � 11.2 10.3 � 2.1 0.001
AUCtarget (mg · h · liter�1) 18.9 � 11.1 7.1 � 1.9 0.002
Ttarget (h) 22.9 � 2.5 19.9 � 4.9 0.045
Ctrough (mg/liter)b 0.31 � 0.22 0.11 � 0.08 0.012
No. (%) with Ctrough 
 0.15

mg/literb

17 (27) 4 (57) 0.19

No. (%) of low absorbers 31 (50) 7 (100) 0.014
No. (%) receiving once-daily

administration
21 (34) 6 (86) 0.012

a Mann-Whitney test (continuous variables) or Fisher exact test (ordinal variable).
b Individual trough concentration estimated from the pharmacokinetic model.
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tween ATV Ctrough and virological response at 12 weeks in ATV-
naive patients, and they proposed a cutoff value of 0.15 mg/liter
for ATV Ctrough (17). Others groups used the genotypic inhibitory
quotient (GIQ), defined as atazanavir trough concentration di-
vided by the number of protease inhibitor-associated mutations,
as a PK/PD index and reported a significant relationship between
the GIQ and virological response (26–28). Reported cutoff values
of GIQ were remarkably consistent across published studies, rang-
ing from 183 to 230 ng/ml (0.183 to 0.230 mg/liter) per mutation.

The inhibitory quotient was not explored in this study, because
data on PI-associated mutations were not available for all subjects
in the cohort. Our results are in agreement with those of Bertz and
Gonzalez de Requena (17, 25), although neither the suggested
target Ctrough of 0.15 mg/liter nor other indexes derived from it
(i.e., AUCtarget and Ttarget) were found to be significant predictors
of virological response in the final model.

Efficacy was the main outcome of this cohort PK/PD study.
However, a weak but significant positive correlation was found
between estimated ATV Ctrough and unconjugated bilirubin levels
(r2 � 0.11, P � 0.006; data not shown), as expected from previous
reports (11, 17, 20).

Our study results also bring into question the optimal dosage
regimen of uATV. Once-daily ATV administration was more fre-
quent in patients who experienced virological failure than in pa-
tients without failure (Table 3). In addition, the estimated ATV
Ctrough values in patients who were administered uATV once daily
(0.18 � 0.17 mg/liter, n � 27) were lower than those in patients
who received twice-daily uATV (0.36 � 0.21 mg/liter, n � 42), a
statistically significant difference (P 
 0.001, Mann-Whitney
test). This observation is in agreement with the results from a
pharmacokinetic study which examined the consequence of
switching from unboosted ATV at 400 mg once daily to 200 mg
twice daily in 10 stable patients who were coadministered tenofo-
vir and emtricitabine (29). The geometric means of ATV Ctrough

were 0.14 mg/liter and 0.31 mg/liter for the 400-mg once-daily
and 200-mg twice-daily regimens, respectively (P � 0.005). Intra-
cellular ATV trough concentrations also increased after the
switch. As our study and others have identified ATV Ctrough as a
significant predictor of virological failure, twice-daily uATV ad-
ministration appears to optimize drug exposure compared with
the FDA-approved unboosted once-daily regimen. Although lim-
ited, available data indicate that average Ctrough associated with the
200-mg twice-daily uATV regimen are much lower than the 0.85-
mg/liter cutoff associated with hyperbilirubinemia (17), which
suggests favorable tolerance. Further research is necessary to de-
termine the optimal dosage design of uATV.

This study has several limitations that should be considered
when the results are being interpreted, some of them being inher-
ent to cohort studies. For example, food intake and compliance
with drug treatment, which may significantly alter ATV exposure,
could not be precisely assessed in such a study. Although the an-
tiretroviral backbone was not controlled in this study, the vast
majority of patients received similar antiretroviral regimens,
based on two or more NRTIs in addition to uATV (Table 1).
Important pharmacodynamic variables, such as susceptibilities of
HIV isolates (EC50) and binding to alpha-1 acid glycoprotein (24),
were not available. As a consequence, a full mechanistic PK/PD
modeling approach could not be carried out.

Data available for the pharmacokinetic analysis were relatively
sparse. However, an adaptive model building was performed, and

the final model parameters were estimated with acceptable preci-
sion. Also, the final model adequately described the data, with
good predictive performance.

In conclusion, a population pharmacokinetic model, includ-
ing a mixture model of absorption, adequately described ATV
concentrations in a cohort of HIV-infected patients who were
administered unboosted atazanavir. Significant differences in
ATV pharmacokinetics and regimens have been observed be-
tween patients who experienced virological failure under uATV
and those who did not. Atazanavir absorption rate constant and
trough concentration significantly influenced the probability of
virological failure in the logistic regression analysis. This work also
suggests that twice daily administration of unboosted atazanavir
may optimize drug therapy.
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